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Excited states of the neutron-rich nuclei 97;99Rb were populated for the first time using the multistep
Coulomb excitation of radioactive beams. Comparisons of the results with particle-rotor model calculations
provide clear identification for the ground-state rotational band of 97Rb as being built on the πg9=2
½431 3=2þ Nilsson-model configuration. The ground-state excitation spectra of the Rb isotopes show a
marked distinction between single-particle-like structures below N ¼ 60 and rotational bands above.
The present study defines the limits of the deformed region around A ∼ 100 and indicates that the
deformation of 97Rb is essentially the same as that observed well inside the deformed region. It further
highlights the power of the Coulomb-excitation technique for obtaining spectroscopic information far from
stability. The 99Rb case demonstrates the challenges of studies with very short-lived postaccelerated
radioactive beams.
DOI: 10.1103/PhysRevLett.115.172501 PACS numbers: 27.60.+j, 23.20.Lv, 25.70.De, 29.38.-c
The spherical symmetry of atomic nuclei is well estab-
lished for the cases where both the proton (Z) and neutron
(N) numbers are near magic numbers. Most atomic nuclei,
however, have nonspherical shapes. The best-known and
well-studied region of prolate-deformed nuclei is the
“rare-earth region,” centered between 50 < Z < 82 and
82 < N < 126. A less known region of deformed nuclei,
which is predicted to show even larger deformations [1],
is centered around mass 100 (A ∼ 100) between the
28 < Z < 50 and 50 < N < 82 major shells. These nuclei
are neutron rich, and well away from the valley of stability,
so they are challenging to study experimentally.
The A ∼ 100 prolate-deformed Sr-Zr region (Z ¼ 38; 40)
has attracted considerable attention since its prediction [2]
and experimental observation [3]. Spectroscopic studies of
these neutron-rich nuclei were undertaken at on-line mass
separators and by γ-ray spectroscopy in spontaneous fission
[4–6]. A key feature is the sudden onset of deformation
when progressing from neutron numberN ¼ 58 toN ¼ 60.
However, the abrupt change of the deformation quickly
washes out when moving away from Z ¼ 38 [4].
Nuclei at the border of this deformed region, in which the
addition or the removal of a single nucleon results in a large
shape change, hold the key to its understanding. Tracking
Published by the American Physical Society under the terms of
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the shape changes in the odd-neutron nuclei has shown that
the νg7=2 orbit plays a crucial role. A number of rotational
bands, based on Nilsson orbits with νg7=2 parentage, have
been observed in the odd-A Sr and Zr nuclei (see Ref. [6]
and references therein).
The evolution of the deformation as a function of
the proton number is not so well studied. Ground-state
rotational bands in the odd-A 39Y nuclei are suggested
to be built on the πg9=2 ½422 5=2þ Nilsson state [7].
However, the onset of deformation in the 37Rb isotopes
is less understood. Ground-state spin and moment studies
of the Rb isotopes [8] revealed a sudden onset of defor-
mation in 97Rb60 but failed to clearly identify whether it is
associated with the πg9=2½4313=2þ or the πp3=2½3013=2−
Nilsson orbital. Mean-square-charge radii [9] and two-
neutron separation energies [10] confirmed the sudden
structural change at N ¼ 60 in the Rb nuclei. In contrast,
mean-square-charge radii [9], mass measurements [11], and
Coulomb-excitation [12] studies demonstrated that defor-
mation in the Kr (Z ¼ 36) isotopes develops smoothly
across N ¼ 60.
In this Letter we report Coulomb-excitation measure-
ments on the neutron-rich isotopes 97Rb60 and 99Rb62
produced as radioactive beams. The excited states in these
odd-A nuclei at the border of the A ∼ 100 deformed region
were observed for the first time, finding that they form
rotational bands built on the ground state. The results
provide clear-cut evidence for enhanced quadrupole col-
lectivity of the 97;99Rb nuclei and firmly identify the
deformation-driving configuration of the odd proton.
They also establish the limits both in N and Z (cornerstone)
of the region of deformed nuclei around A ∼ 100. Prior to
the present experiment, the experimental information on Rb
isotopes at and beyond N ¼ 60 was limited to ground-state
properties and no excited states were known. An excited
rotational band was observed in 96Rb59 [13] providing
evidence for shape coexistence in that nucleus. During the
data analysis of the present work an isomeric E1 transition
in 97Rb was reported [14,15].
The experiment was performed at the REX-ISOLDE
facility [16] at CERN. The species of interest were
produced by a 1.4 GeV proton beam on a UCx target.
They were surface ionized and mass separated through
the High Resolution Separator (HRS) before being sent to
the REX-TRAP [17] for bunching and charge breeding
in REX-EBIS [18]. The short half-lives of 97Rb [T1=2 ¼
169.1ð6Þ ms] and 99Rb [T1=2 ¼ 54ð4Þ ms] required short
trapping and breeding times [82 (70) and 69 ms (69 ms),
respectively, for 97Rb (99Rb)] in order to minimize in-flight
decay. The beam was postaccelerated to 2.85ð3Þ MeV=u by
the REX-LINAC [19], delivering average beam intensities
for 97Rb and 99Rb of 5 × 105 pps and a few times 103 pps,
respectively. A 2.1 mg=cm2 60Ni target was used to
Coulomb excite the nuclei of interest. The experimental
setup consisted of the Miniball γ-ray spectrometer [20]
coupled to a double-sided silicon strip detector [21]. The γ
rays depopulating the excited states were measured in
coincidence with target nuclei scattered into the double-
sided silicon strip detector. To avoid unsafe Coulomb
excitation [22], the particle detection was limited to the
center-of-mass angular range of 74°–113°. Examples of the
γ-ray spectra are presented in Fig. 1.
γ-γ coincidence matrices were constructed to establish
the level schemes of 97Rb and 99Rb shown in Fig. 2. The
γ-ray intensities (see Tables I and II and Fig. 1) were
obtained using singles spectra except for the 355.5-keV
transition in 97Rb and the two 222-keV transitions in 99Rb.
The 355.5-keV transition was contaminated by the 355.3-
keV transition in 97Sr, also populated in Coulomb excita-
tion. Because of the low statistics, the two 222-keV
transitions in 99Rb could not be separated and the total
intensity is given in Table II.
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FIG. 1 (color online). Doppler corrected γ-ray energy spectra
for 97Rb (upper panel) and 99Rb (lower panel). Transitions,
identified as belonging to Rb isotopes, are marked with their
energies. Contaminating transitions, from the Coulomb excitation
of Sr isotopes, are marked with circles.
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FIG. 2 (color online). Level schemes for 97Rb and 99Rb as
obtained in the present experiment. Pure E2 transition are marked
in red while mixed (M1=E2) are in blue.
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The beam composition was evaluated by the ΔE-E
technique using an ionization chamber (ΔE) and a Si
(E) detector. The beam composition for the mass 97 beam
was 74(6)% 97Rb, 19(6)% 97Sr, and 7(1)% 97Y. The entire
Y contribution and the predominant part of the Sr con-
tribution were due to the in-flight decay of 97Rb during the
∼150 ms trapping and breeding of the ions. The beam
composition for the mass 99 case [85(3)% 86Kr, 6(2)%
99Rb, 7(2)% 99Sr, and 2(1)% 99Y] showed considerable
86Kr contamination from EBIS residual gas due to a very
similar mass-over-charge ratio to the 99Rb beam. The much
worse 99Rb-to-99Sr ratio was a result of the relatively long
trapping and breeding times (∼140 ms) compared to the
half-life of 99Rb. This shows that lifetimes of the order of
50 ms are about the limit of applicability for postaccel-
erated Isotope Separator OnLine (ISOL) beam techniques.
Matrix elements were extracted from the measured
transition intensities using the code GOSIA [23]. For the
six strongest transitions the data were divided into three
subsets corresponding to three different ranges of center-
of-mass scattering angles (74°–83°, 83°–99°, 99°–113°) in
order to exploit the angular dependence of the excitation
probability. Sixteen E2 and six M1 matrix elements,
coupling the seven observed states, were fitted to the 23
measured γ-ray intensities.
The Coulomb excitation of a specific state is governed
mostly by E2 matrix elements. However, the decay
intensities, which are the actual experimental observables,
may be strongly influenced by theM1matrix elements. The
E2 excitation probabilities cannot be unambiguously
determined without additional constraints on M1 matrix
elements. As neither lifetimes nor mixing ratios are
available, a model-dependent approach was used. In the
97Rb case it was assumed that E2 transitions deexciting
each state follow the Alaga rules [24] and therefore the ratio
of their matrix elements (hJ∥E2∥J − 1i=hJ∥E2∥J − 2i)
depends only on a geometrical factor (Clebsch-Gordan
coefficients). This assumption can be justified first by
noting that all observed states form a rotational band,
and second, that all observations are consistent with
particle-rotor model calculations, as discussed below.
In the first stage of the analysis the h7=2þ∥E2∥3=2þi
matrix element in 97Rb was determined relative to the
observed excitation of the target nucleus 60Ni. This
procedure used the observed γ-ray intensities in 97Rb
and 60Ni, as well as known spectroscopic data for the
latter [BðE2Þ and the quadrupole moment [25] ]. In the fit,
all matrix elements in 97Rb were allowed to vary with only
the constraints from the Alaga rules. Corrections for the
beam composition were taken into account. In the second
step of the analysis the remaining matrix elements were
obtained relative to h7=2þ∥E2∥3=2þi.
A similar analysis of the 99Rb data was not possible due
to the much lower statistics, nonobservation of target
excitation, and the presence of an unresolved doublet
at 222 keV. A more model-dependent approach was
adopted, with all E2 matrix elements in 99Rb coupled
assuming the rotational model, i.e., hIf∥E2∥Iii ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2Iiþ1
p ðIi;K;2;0jIf;KÞ
ﬃﬃﬃﬃ
5
16
q
eQ0, where ðIi; K; 2; 0jIf; KÞ
is a Clebsch-Gordan coefficient, and Q0 is the transitional
quadrupole moment, directly related to the nuclear defor-
mation. Only a single Q0 and four M1 matrix elements
were fitted to the entire band. The value Q0 ¼ 2.8þ0.4−0.6 eb
was obtained. This approach has been validated using the
97Rb data, which yielded a Q0ð97RbÞ value (see Fig. 3)
consistent with the weighted mean value from the individ-
ual Q0ðJÞ.
Figure 3 compares the transitional quadrupole moments
Q0 for individual levels in 97Rb to experimental values for
Zr, Sr, and Kr isotones at N ¼ 58–62. The deformation of
the ground-state band in 97Rb obtained from the present
experiment is in agreement with the result of the earlier
laser-spectroscopy measurement of the ground-state
spectroscopic quadrupole moment [8]. The Q0 values
obtained for 97Rb remain remarkably constant within the
TABLE I. Intensities for γ-ray transitions observed in 97Rb and
corresponding BðE2Þ and BðM1Þ transition probabilities. No
transition probabilities could be determined for the 68-keV
transition because of the unknown E2=M1 mixing ratio.
Ex
Iπi I
π
f
Eγ
Iγ × 103
BðE2Þ BðM1Þ
(keV) (keV) [e2b2] [μ2N]
68.1 5=2þ 3=2þ 68.1 114(34)
191.8 7=2þ 3=2þ 191.8 4.96(19) 0.22þ8−10
191.8 7=2þ 5=2þ 123.7 67(2) 0.33þ11−14 0.28
þ11
−12
294.9 9=2þ 5=2þ 226.8 4.47(19) 0.18þ4−2
294.9 9=2þ 7=2þ 103.1 18.68(36) 0.12þ2−1 0.29
þ6
−4
537.6 11=2þ 7=2þ 345.8 2.99(16) 0.24þ4−5
537.6 11=2þ 9=2þ 242.7 7.48(23) 0.093þ14−20 0.15
þ3
−3
674.1 13=2þ 9=2þ 379.2 1.61(14) 0.22þ3−2
674.1 13=2þ 11=2þ 136.5 0.98(17) 0.056þ6−5 0.28
þ6
−5
1029.6 15=2þ 11=2þ 492.0 0.39(7) 0.28þ4−4
1029.6 15=2þ 13=2þ 355.5 0.64(11) 0.052þ7−8 0.20
þ7
−5
TABLE II. Intensities for γ-ray transitions observed in 99Rb.
Ex
Iπi I
π
f
Eγ
Iγ
a(keV) (keV)
65 ð5=2þÞ ð3=2þÞ 65 1640(100)
183 ð7=2þÞ ð3=2þÞ 183 90(20)
183 ð7=2þÞ ð5=2þÞ 118 970(60)
287 ð9=2þÞ ð5=2þÞ 222 170ð80Þ
287 ð9=2þÞ ð7=2þÞ 104 230(110)
509 ð11=2þÞ ð7=2þÞ 326 50(17)
509 ð11=2þÞ ð9=2þÞ 222 170ð80Þ
aTotal intensity given for the unresolved 222 keV doublet.
PRL 115, 172501 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
23 OCTOBER 2015
172501-3
band and similar in magnitude to those observed for N ¼
60; 62 Zr and Sr isotopes. Within experimental uncertain-
ties there is no change in the deformation between 97Rb and
99Rb, similar to what is observed in the Sr and Zr isotopes.
The sudden onset of ground-state deformation at N ¼ 60,
as a function of the proton number, starts only from the Rb
isotopes. Thus, (i) 97Rb is the southwest border of the well-
deformed A ∼ 100 region, and (ii) although right at the
border, the deformation of 97Rb is essentially the same as
that observed inside the deformed region.
Particle-rotor model calculations based on a standard
Woods-Saxon potential [30] were performed to shed light
on the structure of the ground-state band of 97Rb. A
Nilsson diagram is shown in Fig. 4. Particular attention
was given to the BðM1Þ=BðE2Þ ratios shown in the
upper panel of Fig. 5, which were determined solely
from γ-ray energies and branching ratios (see, e.g., [32]).
Calculations were performed for both positive and neg-
ative parity states because the measured magnetic moment
of the ground state suggests, but does not distinguish
between, the Nilsson orbits ½4313=2þ and ½3013=2−. The
quadrupole deformation parameter was set to β2 ¼ 0.31,
consistent with the average of the measured Q0 values.
The hexadecapole deformation was varied between
β4 ¼ 0 and β4 ¼ 0.06, the latter value being that predicted
by Möller et al. [33]. The level energies, ground-state
moments, and E2 transition strengths were described
equally well for either a ½4313=2þ or a ½3013=2− band.
The lower panel of Fig. 5 compares BðE2Þ calculations for
the ½4313=2þ band with experimental values obtained
from the GOSIA analysis. These comparisons justify the
use of the Alaga rules to constrain the fit during the data
analysis.
The M1 transition strengths for ½4313=2þ and
½3013=2− bands are also quite similar in magnitude
because the two bands have similar intrinsic g factors
(gK values). Nevertheless, the BðM1Þ=BðE2Þ ratios in the
upper panel of Fig. 5 rule out the ½3013=2− candidate.
Coriolis mixing between the K ¼ 3=2 ground-state band
and adjacent K ¼ 1=2 bands causes the M1 transitions to
show a sawtoothlike signature dependence. The Coriolis-
mixed wave functions show that mixing between the
½4313=2þ and ½4401=2þ bands is responsible for the
J
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observed dip in the M1 strength of the 11=2þ → 9=2þ
transition, seen in the upper panel of Fig. 5. There are
two properties of the ½4401=2þ band that lead to the
observed pattern. The first is that the magnetic decoupling
parameter is negative, b0 ≃ −3, which produces a saw-
tooth pattern in phase with the data. The second is that
the energy decoupling parameter a≃ 4.5 is large, thus,
pushing down the K ¼ 1=2 states with spin Jπ ¼
1=2þ; 5=2þ; 9=2þ;…, to mix strongly with the K ¼ 3=2
ground-state band, while the K ¼ 1=2 states with spin
Jπ ¼ 3=2þ; 7=2þ; 11=2þ;…, are pushed up in energy and
hardly mix with the ground-band levels. Coriolis mixing
of the 9=2þ states causes the reduced BðM1; 11=2þ →
9=2þÞ transition rate.
The negative parity alternative, mixing of the ½3101=2−
band with the ½3013=2− band, cannot explain the data. It
predicts the wrong signature dependence of the M1
transitions because b0 ≃þ1.
Thus, the observed trends in the M1 transition rates
and BðM1Þ=BðE2Þ ratios confirm the πg9=2 ½4313=2þ
Nilsson configuration for the ground-state band of 97Rb.
This assignment is in agreement with the conclusions of a
recent theoretical study of odd-A Rb isotopes [34]. The
isomeric E1 transition that has since been identified in 97Rb
probably originates from a negative parity Nilsson con-
figuration [14,15].
The sudden onset of deformation at N ¼ 60 in the Rb
isotopes suggests a tip of the balance from the spherical
shell gap at Z ¼ 38 for N ≤ 58 to the deformed shell gap at
Z ¼ 38 for N ¼ 60; 62. The spherical and deformed shell
gaps at Z ¼ 38 are indicated in Fig. 4. Deformed shell gaps
near β2 ¼ 0.3 also occur for neutrons at N ¼ 60 and
N ¼ 62. Thus, the deformed shell gaps for both protons
and neutrons evidentally play an important role in the
sudden onset of deformation and its near constant value
once established [6].
In summary, the first identification of excited states in the
neutron-rich nuclei 97;99Rb was achieved by multistep
Coulomb excitation of these odd-mass radioactive beams.
The level schemes and transition probabilities were deter-
mined in the ground-state rotational bands. Detailed
information on the M1 transition strengths in 97Rb pro-
vided clear-cut experimental evidence for the πg9=2
½4313=2þ Nilsson-configuration assignment. The results
define the “southwest” corner of the region of deformation
around A ∼ 100.
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